The total capacitance of a nanoparticle in the Coulomb transistor system (2) can be displayed as the sum of self-capacitance Cself, the capacitance along the channel given by the particle arrangement and especially the tunnel barriers Cgeo and the capacitance to the gate electrode Cgate (41). The self-capacitance is often approximated by (3) with particle radius r, dielectric constant ε0 and relative permittivity of the surrounding εr. This formula holds for a spherical particle in a much larger dielectric medium. If the dielectric ligand shell of thickness d is in the same order of magnitude as the particle radius r, it is appropriate to use (4) instead (42). With a particle radius of r = 1.75 nm, an oleylamine ligand shell of thickness d = 1.9 nm and εr = 2.13, this results in Cself ≈ 8 · 10 -19 F.
The geometric capacitance in these systems is negligible as described in reference 31 where much smaller values in the range of Cgeo~ 10 -23 F were obtained.
If a gate voltage is applied, the resulting electric field leads to a variation of the number of electrons on each particle. Each peak in the oscillating transfer characteristics of a Coulomb transistor corresponds to one additional (or less) electron. In our multiparticle system the gate voltage needed for this transition varies statistically leading to the broadened peaks. However, the average gate voltage difference sufficient to induce a change ΔQ = 1e of one electron per particle can be approximated with the oscillation period ΔU. With a local back gate and medium sized particles of 3.5 nm in diameter, the oscillation period was found to be typically around ΔU = 24 V (compare Fig. 6 in the main text). Using (5) this results in a gate capacitance of Cgate ≈ 7 · 10 -21 F.
A comparison of the three capacitance contributions shows that the system is governed by the self-capacitance and C ≈ Cself. With the relation and values from above and the energy equation from the main text
we obtain charging energies of EC ≈ 100 meV for medium sized particles (diameter 3.5 nm) and a local back-gate electrode. The particle size directly and strongly influences the energy-level spacing. Hence, it is crucial to use high-quality uniform nanoparticles with a precisely adjustable diameter. The silicon dioxide led to a large increase in conductance, however, also to a loss of the oscillatory behavior. The polymer capping left the conductance roughly unchanged and also preserved the Coulomb oscillations.
In earlier work (33) capping with silicon dioxide followed by the preparation of a topgate electrode has been successfully used. Nevertheless, the oscillations lacked uniformity and periodicity in the transfer characteristics. We believe this to be due to charge trapping in the oxide: Using a back-gate electrode allows fabricating the isolating dielectric layer underneath the particles. Therefore, the oxide cannot penetrate in between the particles as it is the case with the subsequently prepared top-gate electrode. A polymer system like PMMA offers barely any charge trapping sites, thus leaving the system unaffected. Similar observations have been made with a wax capping.
This emphasizes that in order to investigate the pure system itself, it is necessary to use uncovered and undisturbed particles as in this work by employing the back-gate geometry. For protection and capping in an application, a material without trap states is essential.
fig . S5. Transport mechanism. (A and B) The measured current is fitted with a voltage dependency according to tunneling (red) as well as to thermally excited transport (blue) at temperatures of 6 K (A) and 296 K (B). A and B) Oscillations induced by a local gate for different bias voltages at a temperature of (A) 10 K and (B) 70 K. For the lowest shown voltage, an averaged curve has been added as guide-to-the-eye. The shape and distinctive features of each curve are reproducing at different bias voltages as well as at the different temperatures. A shift in minimum position can very well be seen. With increasing bias voltage, the oscillations become less noisy due to a higher overall current with more accessible conduction paths. However, even at bias voltages still inside the blockade regime (red curves), the oscillations can already be detected. (C and D) Corresponding output characteristics and differential conductance plot. The colored lines mark the bias voltages displayed in (A and B) .
fig. S8. Position of minimum.
In addition to the regular Coulomb oscillations, a more pronounced main minimum was found in locally gated devices. The position of this minimum was observed to shift with the applied bias voltage as seen in fig. S6 . We ascribe this effect to a potential gradient that is most unfavorable for electrical transport via resonant tunnelling.
(A and B) Results from finite-elements simulations are displayed for a local gate placed in the middle of the channel (A) and close to the drain electrode (B). A mostly linear gradient only interrupted by the plateau region of the gate electrode can be seen. Source and drain electrode are set to 0 V and 1 V respectively. The potential gradient for different gate voltages is calculated in this normalized system but can be transferred to other bias voltages. Quantum-mechanical tunnelling between adjacent particles is most probable if the energy levels align and, thus, in a rough approximation it is most unfavorable if the potential gradient has a continuous slope. Therefore, the maximum occurring slope, meaning the maximum electric field, for each gate voltage is found. If this is small, the electrical transport is expected to be hindered. (C) Plotting this maximum electric field against the gate voltage allows determining this minimum and, thus, the gate voltage at which the main oscillation minimum is expected. For a gate electrode placed in the middle of the channel, the transport is most favourable at a gate voltage of 0.5 V in the normalized system in agreement with former findings (32). However, for differently placed gates, this value changes according to their position between source at 0 V and drain at 1 V. Hence, every gate position corresponds to a certain position of the main oscillation minimum. This result can be used to either adjust the working voltage via the gate position or to determine one from knowing the other. (D) The optical micrograph displays a device with a 3 µm long channel and 500 nm wide gates placed in the middle and 1 µm to each side. For best comparability, three gate positions were tested using the exact same device.
For all three gates and five different temperatures transfer characteristics were measured and the position of the main oscillation minimum was determined depending on the applied bias voltage. The data is displayed in (E). A linear dependency can clearly be seen, that is independent of the temperature, but the slope is unique for each gate position. The slopes predicted by the model simulation in the normalized systems are also plotted in (E). They show a good correlation with the measured data, however, the real slope is slightly larger than the predicted one indicating a small shift to the right in the lithographic placement. To compare oscillation amplitude and period even better, the curves were normalized with respect to the maximum current and shifted to overlap. It is now clearly visible that on the one hand, the oscillation length is already comparable for gate electrodes that are at least at the edge of the channel, however, the maximum oscillation strength can only be reached if the electrode is completely underneath the channel. In the 3 µm channel device, all three gates result in the very same Coulomb oscillation. Their different position only determines which part of the oscillation we can measure in the same gatevoltage range. (D) The on/off ratios for different bias voltages confirm this behavior. If all gates are underneath the channel region, they are equally efficient (3 µm), so the correct positioning does not matter in terms of performance. Underneath the gold leads, the gates lose influence and only lower percentages can be reached. If the gate electrode has no overlap anymore with the channel, no oscillations can be induced (see 1 µm, left gate). The middle gate is most efficient in the 1 µm device, because it covers the largest fraction of the gap compared to the longer channels.
